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I. INTRODUCTION
THE ultimate goal in the microstructural engineering methodology is to develop a mathematical model which is capable of predicting heat flow, microstructural evolution, and mechanical properties for the processing operation considered. In the present case, the heat flow aspect of the model is required to enable accurate prediction of the thermal response of the steel rod as it is processed on the Stelmor line. Owing to the release of the latent heat of transformation for both the austeniteferrite and austenite-pearlite reactions, the analysis of heat flow in the rod must be coupled to the transformation event utilizing an iterative technique. As outlined in Part II of this three-part paper, [291 the final microstructure evolved in the rod also is dependent on its thermal history; thus, the prediction of microstructure depends ultimately on the ability of the model to predict temperature. Finally, the quantitative link between the evolved microstructure and the mechanical properties of the steel rod must be made. Part III of this paper presents the development, sensitivity analysis, and predictions of the Stelmor mathematical model.
II. MODEL FORMULATION

A. Heat Flow
Transient heat conduction within the steel rod is expressed in cylindrical coordinates as follows: m
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Boundary conditions for the solution of Eq. [1] include the assumption of symmetrical temperature distribution about the centerline OT t --0, r = 0, --= 0 [2] Or At the surface of the rod (r = r0), the conductive heat flux is matched by radiative and convective heat losses, which can be characterized by an overall heat-transfer coefficient (hov) as follows: 0T t > 0, r = r0, -k --= hov(To -T~) [3] Or Determination of hov is based on empirical expressions obtained from the laboratory and plant measurements, as described in Part I. I2sl For the initial condition, the rod is assumed to be isothermal at temperature, Tin:
t=0, 0-<r--<r 0, T=Tin [4] In the mathematical model, the initial temperature is taken to be the laying head temperature on the Stelmor line. Solution of Eq. [1] is not possible analytically because of the variation of k, Cp, and qTR with temperature. Hence, an implicit, finite-difference technique was applied by discretizing time and the rod volume. The system of equations obtained through application of this technique was solved utilizing the Thomas algorithm. ~2] The temperature-dependent thermal conductivity and specific heats of austenite, ferrite, and pearlite were obtained from the literature [3-6l and included in the mathematical model. Steel density was assumed constant over the temperature range of interest.
The latent heats of the austenite-ferrite and austenitepearlite phase transformations vary with temperature because of the dependence of the specific heat of the three phases on temperature. For austenite decomposition into pearlite, the latent heat of transformation at 1000 K has been reported to be -77 kJ/kg, tT] This value is in agreement with the data of Kramer et al. [8] who investigated the effect of pearlite spacing on the enthalpy of transformation. Similarly, the enthalpy change for the austeniteferrite transformation at 1184 K has been given as -16.3 kJ/kg by Barin et al., [6] which is in agreement with Darken and Gurry. [91 Thus, from a knowledge of the latent heat at temperature, Tz, AHt, the heat of transformation at any temperature T~ can be calculated:* *The enthalpy of mixing of carbon in austenite has been neglected.
where 7r denotes either ferrite (c~) or pearlite (P).
Employing the polynomial equations developed for the dependence of Cp on temperature, Eq. [5] was solved over a temperature range applicable to the formation of both ferrite and pearlite. The calculated variation with temperature of AHi for the y-a and y-P transformations in 0.23-and 0.40-pct steels is plotted in Figure 1 . For comparison, enthalpy values measured at various temperatures and reported in the literature also are included in the figure. Thus, the enthalpy change for the ferrite transformation rises sharply between 740 ~ and 780 ~ resulting from the ferromagnetic transition at 770 ~ u~ The calculated heats of transformation in Figure 1 were assumed to hold over the entire carbon range and were fitted following polynomial regression techniques for inclusion in the mathematical model. This simplification introduces an error of less than 10 pct in the AH values.
The quantity of heat released during each time step in the finite-difference calculations is dependent on the rate of transformation of austenite to ferrite and/or pearlite. Kramer et al. [8] . Thus, for a fraction of austenite transformed, AX, over a time step, At, the heat generated is given by
By substituting the appropriate heat of transformation and fraction transformed for each austenite decomposition reaction, the total heat released during a given time step can be calculated.
B. Phase Transformations
The technique adopted for the prediction of phase transformations in steels for nonisothermal events has been presented previously; m-14] thus, only a brief summary will be included here. The method relies on empirically determined continuous cooling transformation (CCT) start times, isothermal transformation kinetics characterized in terms of the Avrami equation, u5,16,~7] and the additivity principle to approximate the CCT event as a series of isothermal steps. The Avrami equation can be written as
The values for the kinetic parameters n and b have been determined for three grades of steel in the present study and for a series of grades in the literature, tlz,14,18,wl The results have been presented in Part II of this paper, t29] Although no experimental work has been completed on the determination of m (austenite grain diameter exponent) in the present study, values of 1 for the ferrite transformation and 2 for pearlite have been proposed in the literature, t2~ These were adopted for the model. As stated above, the additivity principle, originally due to Scheil, t21 ] is applied to the transformation kinetics to allow application of the isothermal kinetics to describe the nonisothermal event. This requires that the transformation rate at each temperature is a function only of the temperature and the fraction already transformed. The applicability of additivity to the austenite-ferrite and austenite-pearlite transformations in steels has been tested and validated previously, u4,22~
In the mathematical model, the prediction of phase transformation kinetics proceeds as follows. At a given node i, once the CCT start time is exceeded, the initial fraction of austenite transformed Xij over that time step j is given, according to Eq. [7] , by
For the next step, j + 1, at node i, the new temperature (calculated by Eq. [1] ) is Tij+l; and if the previous transformation, Xij, had occurred at the new temperature, the time taken would be
This is a virtual time that follows from the sole dependence of transformation rate on temperature and the fraction already transformed. Then the fraction, Xij+~, which has transformed after Oi,j+l + At, is calculated from
The incremental fraction transformed over the j + 1 time step in node i is
The release of latent heat over the time step can be estimated utilizing Eq. [6] in combination with Eq. [11] ; solution of the heat-flow equations must be accomplished iteratively, owing to the coupling between the transformation kinetics and temperature of the steel rod. Experience has shown that three to four iterations are sufficient to achieve a temperature difference between successive calculations of less than 10 -4 ~ Predictions for the fraction transformed in each time step become somewhat more complicated in hypoeutectoid steels, where the equilibrium phase fractions for both ferrite and pearlite must be considered. First, for temperatures above the A1, the incremental ferrite fraction transformed during each time step can be corrected for the actual equilibrium fraction by employing the following equation:
where AXi'j is the real incremental fraction, AXi,j is the In the calculations, only a carbon balance is applied, and ternary sections are not utilized. A similar procedure is carried out below A1; however, the fraction of ferrite is determined from the extrapolated Acre line, as opposed to the A 3. When the total fraction of ferrite has exceeded the equilibrium fraction, the ferrite reaction is assumed to stop. The calculations for the pearlite transformation are initiated once the empirically determined CCT start time for pearlite is exceeded (provided the temperature is below A~). The fraction of pearlite formed in each time step then is corrected by the fraction of retained austenite.
The final microstructures formed in the rods are calculated based on the empirical equations presented in Part II. [29] The calculation of mechanical properties developed for the model also has been presented in Part II; and the reader is referred to Sections II-B and C.
III. SENSITIVITY ANALYSIS
In order to test the influence of some of the variables considered in the mathematical model on the predicted thermal response, microstructure, and mechanical properties of steel rod, a sensitivity analysis has been conducted. Three steel grades were chosen for the analysis, representative of typical low-carbon (1017), mediumcarbon (1040), and eutectoid (1080) steels. The 1017 grade is at the low-carbon limit, and the 1080 steel is at the high-carbon limit of the range of steel grades examined in this study. Predictions of thermal response at the centerline of a 10-ram-diameter rod cooled by air flowing at 15 m/s for the three grades are shown in Figure 2 . As can be seen, the initial transformation temperature of the 1017 steel is higher than that of either of the other grades because of its highest A3 temperature. Evident in this plot are the distinct differences in the cooling behavior among the three grades, corresponding to the austenite decomposition reactions. Although the more important variables are included in the following sections, the reader is referred to the thesis [25j from which this work is taken for a complete sensitivity analysis of the mathematical model.
A. Heat Transfer
The rod diameter and heat-transfer coefficient have a strong influence on the cooling rate of the steel rod. Diameters of 5, 15, and 10 mm, which correspond respectively to minimum, maximum, and average values typically processed on a Stelmor line, have been studied with the model; the predicted thermal responses for a 1080 steel are shown in Figure 3 . The smallest diameter rod exhibits a lower start temperature for the pearlite transformation, which results in an acceleration of transformation kinetics and the largest relative recalescence for the reaction. These effects are reflected in the microstructure and strength of the 1080 grade, as shown in Table I ; as the transformation temperature decreases, the pearlite spacing decreases, thereby increasing the strength. As can be seen in Table I , the overall effect of varying rod diameter by +5 mm results in up to +6 pct variation in ultimate tensile strength (UTS).
Considering the two hypoeutectoid grades (Tables II   86O \ and liD, a sizeable decrease in ferrite transformation start temperature results from the decrease in rod diameter from 15 to 5 ram, with the effect being greater in the 1040 grade. Tables II and III show that finer ferrite grain diameter and pearlite spacing, together with a smaller ferrite fraction, are predicted with the decrease in rod diameter. This is directly related to the higher cooling rate and lower transformation temperatures experienced by the smaller diameter rods. Table II shows a strength variation of -10 pct for the 1040 grade, while in Table III , the 1017 steel varies in strength by -+7 pct for a similar change in rod diameter. Heat-transfer coefficients in the model are based on the correlations for forced convection and radiation, as outlined in Part I. 1281 Owing to the error associated with correlations of this type for characterization of heat-transfer coefficients, a variation of -+ 10 pct has been applied to examine the effect on the thermal response and strength of the steel rod. The predicted thermal response is shown Figure 4 for the 1080 steel grade. Although there is an increase in the rod cooling rate with increasing heattransfer coefficient, as expected, the effect is not as strong as that predicted for the change in rod diameter of 5 to 15 mm shown in Figure 3 . Referring to Tables I through  1II , this variation in heat-transfer coefficient produces only a minor change in the predicted steel microstructure and strength.
B. Steel Composition
The effect of small changes in carbon content, which most influences microstructure and properties on a weight percent basis, was studied within the acceptable range set by SAE specifications for 1017, 1040, and 1080 plaincarbon steels. The model prediction of thermal response at the centerline of a 1040 steel rod is shown in Figure 5 . An increase in the carbon content to 0.43 pct decreases the ferrite start temperature. Because of the increased hardenability, a decrease in the ferrite fraction and ferrite grain diameter is evident in Table II , while only a slight decrease in pearlite spacing is predicted, a consequence of the lower pearlite start temperature. The net effect, as seen in Table II , is a variation in strength of only -+2 to 4 pct. A similar influence of carbon content is predicted for the 1017 steel (Table III) . With respect to the 1080 grade, the lowest carbon steel rod (0.75 pct) is predicted to contain a small fraction of proeutectoid ferrite, which decreases the UTS by 5 pct. ferrite reaction is seen to be slower and the associated recalescence to be diminished, as expected. Interestingly, the slower ferrite reaction (In bF --0.6) and increased transformation time to produce the same fraction of ferrite cause a reduction in the transformation temperature of pearlite, an acceleration in the pearlite reaction kinetics, and slightly greater recalescence. Similar behavior was predicted for the 1017 grade, although owing to the smaller fraction of pearlite formed, the effect on recalescence arising from the pearlite reaction is less. In terms of microstructure and strength changes with In bF, no appreciable variation is evident from Tables II and  III. However, in the model, the ferrite fraction and ferrite grain diameter are calculated from the cooling rate immediately prior to the start of the transformation and, therefore, are independent of the transformation kinetics. The effect of varying the In bp parameter by -+ 1 on the thermal response of the 1080 steel rod is shown in Figure 7 . Not surprisingly, the smallest value of In bp produces the cooling cur~e with the lowest average transformation temperature. This is reflected in a reduced pearlite spacing and increased strength (Table I) . Similar predictions hold for the 1040 steel (Table II) , although the change in strength is tempered by the presence of proeutectoid ferrite. The 1017 grade is influenced to the least extent compared to the other two steels because of the small fraction of pearlite in the former.
C. Phase Transformation Kinetics
Although not a variable studied experimentally in this work, the prior austenite grain diameter has been included in the sensitivity analysis. In the present study, the prior austenite grain size in steel rod investigated in both the laboratory and plant trials has been measured as 22 p~m (ASTM 8 +-1). The effect of prior austenite grain diameter on the transformation kinetics has been determined by utilizing the modified Avrami equation (Eq. [7] ), with the values of m being taken as 1 and 2 for the ferrite and pearlite reactions, respectively, t2~ Model predictions of the influence of grain diameter varying by +10/xm and -6 /xm about 22/xm (ASTM 8 -+ 1) on the phase transformations in the 1017 steel are shown in Figure 8 . As expected, the smallest prior austenite grain size favors the fastest transformation rate for both the ferrite and pearlite reactions, but for the latter, the effect is very small in the 1017 steel. In terms of rod microstructure and strength, coarser pearlite spacing results from the higher transformation temperature associated with the finer austenite grain size; this is reflected in the decrease in strength predicted for the 1080 steel (Table I) . Owing to the method of calculation, no change in the ferrite grain diameter is predicted in the two hypoeutectoid grades, although it should certainly be affected by a variation in prior austenite grain size. Clearly, additional work is required to obtain a quantitative relationship between the austenite and resulting ferrite grain diameters.
D. Microstructural Effects
In order to assess the variation in rod strength as a function of individual microstructural parameters, independent of steel thermal response, the mathematical model has been run employing correction factors for the ferrite fraction, ferrite grain diameter, and pearlite spacing. The magnitude of the correction factors applied to the ferrite fraction and ferrite grain diameter has been chosen to be _4-1 standard deviation of the estimated values obtained from the regression analyses, i.e., ---0.056 and ---0.6 /xm, respectively. The error associated with the prediction of the mean interlamellar pearlite spacing is about -+20 pct based on this study (Part II[291).
The results for the predicted strengths of the 1080 steel corresponding to a ---20 pct variation in pearlite spacing are shown in Table IV , where a considerable effect can be seen. The predicted yield strength (YS) and UTS vary by -8 to + 11 pct and -5 to +7 pct, respectively. These changes in strength are relatively large and are greater than the effect of any one parameter examined hitherto in the sensitivity analysis. Consequently, the accurate prediction of mechanical properties in plain-carbon eutectoid steel depends importantly on obtaining valid pearlite interlamellar spacings.
The model-predicted strengths for the 1040 steel as a function of the uncertainty in the microstructural parameters are summarized in Table V . Thus, the variation in ferrite fraction accounts for a _+ l pct and -+ 1.5 pct change in the predicted YS and UTS, respectively, which is considered to be minor compared with variations associated with other parameters. Table V also shows that the --+0.6/zm variation in ferrite grain diameter accounts for a change of about 2.5 pct in both predicted and ultimate strengths. A similar strength variation is reported as a function of change in pearlite spacing for the 1040 steel. Yield strengths and UTS values reported in Table V vary from ---2.5 to 3 pct and _+1.5 to 2.5 pct of the mean values, respectively. These levels of sensitivity are considered acceptable at this stage in the model development. Table VI shows the effect of varying the microstructure on the strength of the 1017 steel. A change of ---0.056 in ferrite fraction has a slightly greater effect on predicted strength in the 1017 than in the 1040 steel: the YS varies by ---4 pct and the UTS by ---3 pct due to the greater fraction of ferrite present in the 1017 steel and the form of the modified Gladman equations used to predict strength. Changes in the ferrite grain diameter yielded minor variations in predicted strength owing to the large diameters already present in this steel. Both YS and UTS varied by approximately -+ 1 pct. Sensitivity to variations in pearlite spacing for this grade were almost nonexistent due to the small fractions of pearlite present.
IV. MODEL VALIDATION AND PREDICTIONS
The mathematical model has been run to predict the thermal and microstructural evolution and mechanical properties of steel rods cooled under conditions typical of the laboratory and plant tests. Results of the predictions are reported in the following sections. Figure 9 shows the measured and model-predicted centerline temperature for an 8-ram-diameter rod of 1070 steel (steel B) cooled with air at a velocity of 22 m/s. To test the predictive capabilities of the model fully for microstructure and mechanical properties, the heat-transfer coefficient has been adjusted to provide the best agreement with the experimental results by matching the early cooling period of each test prior to the phase transformation; the correction factor is included in the legend in the figure. The predicted thermal response shows excellent agreement with the experimental data, although the CCT start time predicted for the pearlite transformation seems to be slightly earlier than the measured value and the recalescence is smaller in magnitude.
A. Laboratory Tests
Thermal evolution
The model-predicted and measured thermal response for a lower carbon 1038 steel (steel C) is shown in Figure 10 , corresponding to an 8-mm-diameter rod cooled with an air velocity of 6 m/s. A correction factor of + 10 pet has been applied to the predicted heat-transfer coefficient to achieve good agreement early in the cooling test. It can be seen that the model satisfactorily predicts the thermal response both prior to and after the austenite decomposition reactions. However, the predicted kinetics for the austenite-ferrite reaction are apparently too rapid and result in a recalescence greater than that measured. This behavior was observed for all laboratory tests performed on this grade of steel. However, in light of the variations in predicted thermal response found in the sensitivity analysis, the agreement between model-predicted and measured thermal evolution is still considered to be reasonable. The model-predicted and measured thermal responses for a typical cooling test with the 1020 steel (steel E) are shown in Figure 11 . The overall prediction is in good agreement with the measurement, although the model consistently predicts an early austenite-ferrite transformation start time. More work is being pursued to improve the prediction.
Microstructural evolution
Although only a sample of typical thermal responses obtained during the laboratory tests was presented in the previous section, the results of the complete set of predicted and measured microstructures are reported below. Predicted ferrite fractions are compared to measured values in Figure 12 . The shaded area in the figure indicates one standard deviation from the regression equation utilized for the prediction of ferrite fraction in the model (Part II, ~29~ Eq. [16] ). Given that measured ferrite fractions for the rods included in the figure have been utilized in developing the regression equation, agreement between measured and model-predicted values is seen to be reasonable.
Model-predicted ferrite grain diameters are plotted against the measured values in Figure 13 . In the model, the ferrite grain diameter is calculated as a function of the steel composition and the cooling rate prior to transformation. The shaded area in the figure represents -+ 1 standard deviation from the regression equation for ferrite diameter. Good agreement has been obtained between the model-predicted and measured data. A comparison of model predictions to measurements of pearlite spacing is shown in Figure 14 . Agreement is seen to be only fair, with most predicted values falling below measurements although remaining within one standard deviation. For the 1070 steel (steel B), this is not surprising, since the best-fit regression line reported in Part II ~291 (Figure 12 ) also underestimated the pearlite spacing. It should be noted as well that the measured values for the 1038 and 1020 steels (steels C and E) have not been determined metallographically, as in the case of steel B, but have been obtained from the measured undercooling below the A1 temperature for each sample and the regression equation reported in Part II. That the predicted pearlite spacing for the 1020 steel is relatively constant arises from the difficulty of effectively predicting CCT start times for the pearlite reaction in hypoeutectoid steels; the net result was that, despite different cooling conditions, the predicted undercooling varied little.
Mechanical properties
Model predictions of mechanical properties, based on steel composition and calculated microstructures, are plotted against measurements in Figure 15 , where again the shaded region represents -+ 1 standard deviation, corresponding to the regression equations for strength. The predicted YSs in Figure 15 (a) are in good general agreement with the measured results. However, for the 1070 steel (steel B), the predicted values are consistently higher than those measured due to the finer pearlite spacings computed for this grade. This illustrates again the strong influence of pearlite spacing on the strength of eutectoid steels. Despite this difficulty, the predicted strengths are still within -+ 10 pct of the measured values, which has been suggested as an allowable strength variation for wire rod. t261 Good agreement is observed for the two hypoeutectoid steel grades, although predicted strengths for the 1020 steel (steel E) are relatively constant.
The predicted and measured ultimate strengths for the laboratory tests are presented in Figure 15 (b). Excellent agreement is seen for the lower carbon grades; however, strength levels predicted for the 1070 steel once again 840  820  8O0  780  760  740  72O  7O0  680  660  640  62O  60O  58O  56O  54O Figure 21 . The model-predicted cooling rate is seen to be faster than that measured, and the computed ferrite transformation kinetics again appear to be faster than actual. Recognizing this to be a similar situation to that in the laboratory tests, it would seem that the coefficients employed for calculation of the austenite-to-ferrite transformation kinetics need to be adjusted or the form of the equation changed. steel, although included in the plot, has such a small ferrite fraction that comparison is not realistic on the scale employed in the figure. Also of note in Figure 22 is the insensitivity of the ferrite fraction to changes in the predicted cooling rate; the predicted fractions corresponding to -+ 10 pet of the mean heat-transfer coefficient are barely distinguishable. Ferrite grain diameters predicted by the mathematical model are plotted in Figure 23 against measurements where, again, the two predictions at each measured value correspond to +-10 pet of the mean heat-transfer coefficient. Comparing these results with those for ferrite fraction, an identical variation in steel cooling rate seems to exert a greater influence on the grain diameter. Figure 23 shows reasonable agreement between modelpredicted and measured ferrite diameters, although for the 1020 steel (steel E), the predictions are consistently low.
Microstructural evolution
Owing to the method employed for the prediction of ferrite grain diameter and ferrite fraction in the model, reasonable estimates of these parameters will be made only if predictions of the average steel cooling rate prior to the start of the ferrite transformation are satisfactory. A major flaw in this method is encountered when these variables are to be predicted under conditions where the cooling rate changes significantly during the ferrite transformation. Whereas an increased cooling rate would be expected to result in a decrease in the ferrite fraction and corresponding grain diameter, the model as presently formulated would predict the same relative fraction and grain size. Fortunately, most blower settings employed on Stelmor lines result in uniform cooling conditions throughout the ferrite transformation. The strong link between steel cooling rate immediately prior to transformation and the microstructure formed has been recognized by other researchers, t271
Predictions of the interlamellar spacing of pearlite are compared to measurements in Figure 24 . As was the case with the laboratory results in Figure 14 , the agreement is relatively poor for the reasons given earlier. In particular, the method employed for the determination of the mean measured spacing in a majority of the grades involved insertion of the average undercooling below A ~, obtained from the recorded temperature in each experiment, in Eq. [18] (Part Iit291). The variation in average undercooling predicted during the course of the pearlite transformation, owing to a change in the heat-transfer coefficient at the rod surface, can be estimated from the figure. For the lower carbon grades, the ---10 pet change in the heat-transfer coefficient produces minimal variation in the predicted pearlite spacing. However, as the carbon level is increased, the effect of the change in cooling conditions becomes more pronounced. Thus, especially for higher carbon grades, an accurate prediction of steel microstructure will be directly affected by a valid prediction of the rod thermal response.
Mechanical properties
The final test for the mathematical model is its ability to predict the mechanical properties of steel cooled on the Stelmor line. Figure 25 (a) compares model-predicted and measured YSs of the steels from the plant trials. For the most part, the predicted strengths are within the range of --+ 1 standard deviation, with the exception of the 1080 steel (steel F), for which the maximum difference between computed and measured values is -1 2 pct. The poor agreement is related to the prediction of pearlite spacing, as discussed earlier for high-carbon steels. Note that in Figure 24 , a majority of the model-predicted pearlite spacings for this grade were larger than the measured values, and as a result, the predicted strengths are lower. The pairs of predictions shown in the figure, corresponding to -10 pct of the mean predicted heat-transfer coefficient, reveal a relatively minor effect, within 2 pct for the low-and medium-carbon steels and _+2.5 pct for the higher carbon grades. Thus, the YS for this range of grades is relatively insensitive to minor changes in cooling conditions on the Stelmor line.
A comparison of model predictions to measurements of UTSs is shown in Figure 25 (b). Agreement is excellent for the low-and medium-carbon steel grades. However, the 1080 steel (steel F) once again displays a wider range of predicted strengths than the others. The large variation in UTS of several of the 1080 steel rods is due to the presence of ferrite, predicted with the heat-transfer coefficient reduced by 10 pct whereas for the higher cooling conditions, the predicted microstructure consisted only of pearlite. The presence of ferrite in these grades results in a significantly lower predicted strength than a totally pearlitic steel. For the worst case shown in Figure 25(b) , the predicted UTS is 11 pct lower than the measured value.
C. Rods from Normal Plant Production
In order to provide an independent validation of the predictive capabilities of the mathematical model, the UTS of several industrial steel rods was measured during the campaign of plant trials. The method employed for retrieving and testing the tensile samples was identical to that utilized for routine inspection of Stelmor-cooled rod. Loops of the desired grades were cut from the coils as they passed over the final Stelmor cooling zone. Tensile testing was performed by plant personnel on 450-mmlong samples without prestraightening. Yield tests are usually not performed on such samples. Table VII presents a summary of the grades and conditions encountered during the tests, and as can be seen, they cover a range similar to that of the plant and laboratory investigations.
Inputting the steel compositions and line settings for these grades, as well as • 10 pct of the mean heat-transfer coefficient, the mathematical model has been run to predict UTSs. The computed and measured UTS values of the steel rods are compared in Figure 26 . Agreement is seen to be good, with the exception of a few mediumcarbon grades ( -9 2 0 MPa measured UTS) which are in the range of composition not specifically studied in this work. Grades falling between 1045 and 1065 rely on extrapolations either from 1020 and 1038 or from 1070 in order to calculate a number of parameters necessary for microstructure and strength predictions.
V. S U M M A R Y AND C O N C L U S I O N S
A mathematical model has been developed, based on the concept of microstructural engineering, for the prediction of mechanical properties of steel rod subjected to Stelmor cooling. The model relies on one-dimensional heat conduction and incorporates phase transformation kinetics as well as relationships for ferrite fraction, ferrite grain diameter, pearlite interlamellar spacing, and mechanical properties. Based on a comparison of predicted temperature response, microstructural evolution, and mechanical properties, with measurements made in the laboratory and on an operating Stelmor line, the following conclusions can be drawn: 1. The mathematical model has demonstrated the ability to predict accurately the thermal response of steel rod cooled in the laboratory and under plant conditions on the Stelmor line. 2. Predictions of phase transformation kinetics for the austenite-pearlite reaction during continuous cooling showed excellent agreement with measured values in eutectoid steels. Agreement between measured and predicted austenite-ferrite kinetics was reasonable, but consistently, predictions of an early ferrite reaction start time and rapid reaction kinetics were observed. 3. Model predictions of ferrite fraction and ferrite grain diameter agreed well with values from regression equations developed in the study. The predicted values of pearlite spacing did not agree well with measurements and did not show a strong relationship to the thermal response. 4. Strengths calculated for rods from both the laboratory and plant tests showed excellent agreement with measured values. The results revealed the importance of the pearlite spacing for the strength of eutectoid steel and the relative insensitivity of strength to steel cooling rate over defined limits for all grades. 5. Agreement between the predicted and measured UTS for the independent group of rods taken from the Stelmor line clearly demonstrates the capability of the model to predict microstructure and mechanical properties of continuously cooled plain-carbon steel rod for industrial conditions. 
